Artificial benthic collectors have been widely used for the assessment of settlement rates of decapod crustaceans. However, to date no consistent works have addressed spatial patterns of settlement in different estuarine habitats, and no specific studies targeted the interaction of artificial surfaces with the surrounding natural substrate. It may be expected that the artificial surface may produce a different thigmotactic response when compared to the natural substrate, which may limit the use of this technique for assessment of natural settlement rates. In this study the settlement rates of megalopae of the estuarine crab Carcinus maenas were addressed, specifically deploying artificial benthic collectors in different habitats both intertidal and subtidal in the lower Mira estuary. A number of experiments were performed concerning stratification and temporal fluctuations of settlement. Further, the interaction of collector surface with the surrounding substrate was investigated, by comparing settlement rates in natural and artificial substrates in different habitats. Results have shown significant differences in settlement between different estuarine habitats, both in spatially replicated experiments and in a high-resolution temporal experiment. However, comparison between settlement rates in artificial and natural substrates has shown that there is a strong interference between collectors and surrounding substrate, limiting interpretation of results concerning settlement rates in artificial substrate alone.
Introduction
Most estuarine brachyuran crabs have a pelagic larval phase, which is exported to shelf waters. When the megalopa stage is reached, the animals face the problem of returning to inshore waters and find appropriate habitats to settle (Shanks, 1998) . The megalopae penetrate in estuaries and accomplish landwards movement by selective tidal stream transport (Shanks, 1995; Forward et al., 1997; Queiroga, 1998) , which is a complex interaction between behaviour (mainly cyclic shifts in vertical position) and physical mechanisms (the tidal cycle and baroclinic water mass movements). Settlement is viewed as the transition process between the pelagic and benthic phases, and occurs as megalopae reach adequate habitats (Rodrı´guez et al., 1993; Hunt & Scheibling, 1997) . According to Rodrı´guez et al. (1993) the process of settlement in marine invertebrates involves two separate steps: 1) an active behavioural search of adequate substrate, and 2) residence or fixation to the substrate which triggers the juvenile moult. The acquisition of a capacity of thigmotactic response is generally considered as megalopal competency (Goodrich et al., 1989; Jensen, 1991; Rodrı´guez et al., 1993) . Megalopae competent for settling present a remarkable plasticity in advancing or delaying their moult in the face of the presence or absence of given stimuli, such as conspecifics, predators or various structural and chemical characteristics of the substrate (e.g. O'Connor, 1993; Strasser & Felder, 1999) . Megalopae thus show a strong adaptation to actively search and choose an adequate habitat for the juvenile phase (Sulkin & van Heukelem, 1986; Wolcott & DeVries, 1994) .
Concerning the types of settlement stimuli, visual, tactic and chemical cues have been actually verified or hypothesised (see below). Other factors such as microscale current patterns may modulate megalopal settlement response, as passive sinking is not viewed as a major cause (Hedvall et al., 1998) . Instead, it seems that active selection by megalopae is the major factor influencing early juvenile distribution, at least in intertidal crabs (e.g. Paula et al., 2001 Paula et al., , 2003 . Megalopae of Callinectes sapidus Rathbun, 1896 react negatively to predator odour and positively to seagrass environments . Salinity (Wolcott & DeVries, 1994) and other estuarine waterborne cues (Wolcott & DeVries, 1994; Forward et al., 1997) have also been suggested as guides to recruiting megalopae. Other authors showed that megalopae of several species prefer structurally complex substrates, which provide shelter (e.g. O'Connor, 1993; Eggleston & Armstrong, 1995; Hedvall et al., 1998; Moksnes et al., 1998; Stevens & Kittaka, 1998) . These substrates include vegetation (Bostro¨m & Bonsdorff, 1997) and shelly gravel . The presence of conspecifics may enhance settlement in Uca spp. (O'Connor, 1993) , and several authors referred a number of substrate stimuli capable to accelerate the moult to the first juvenile stage (e.g. O'Connor, 1991; Wolcott & DeVries, 1994; Gebauer et al., 1998; Strasser & Felder, 1999) .
Artificial collectors are common tools for studying settlement rates of decapod crustaceans, such as 'hog's hair' filter surfaces (e.g. van Montfrans et al., 1995; Paula et al., 2001 ) and artificial seaweeds (Phillips, 1972; Phillips & Booth, 1994) . These devices intend to simulate the adequate typical settlement grounds (facilitating collection) or to enhance settlement by inducing a positive thigmotactic response as providing refuge. Floating cylindrical artificial collectors have been widely used, covered by a 'hog's hair' filter surface (see van Montfrans et al., 1990 for general methods), especially addressing settlement rates of the portunid blue crab C. sapidus (eg Goodrich et al., 1989; van Montfrans et al., 1990; Boylan & Wenner, 1993; Wrona et al., 1995; Hasek & Rabalais, 2001 ), but also in African mangroves (Paula et al., 2001) . The question whether settlement rates thereby obtained actually reflect effective settlement in appropriate areas was not specifically addressed in any of the referred studies. Alternatively, it may be conceived that those settlement rates are a function of megalopal availability in the water mass, being the presence of megalopae on the collectors' surface a temporary event. However we may expect that they do reflect rates of immigration of megalopae from shelf waters into the estuary. Nevertheless megalopal competency to settle may not be achieved by reaching estuarine waters, as suggested by Paula et al. (2001) . Unpublished own results indicate that a delay between immigration of megalopae and effective settlement within estuarine benthic habitats does take place in Carcinus maneas (Linnaeus, 1758) .
In most cases, collection of megalopae of benthic invertebrates in their natural settling grounds is a difficult or impossible task, due to the small size of the animals and their tendency to prefer structured bottoms that provide refuge. Paula et al. (2003) used unfolded 'hog's hair' surfaces to study benthic settlement of brachyuran crabs in a tropical mangrove, obtaining clear temporal and spatial patterns over different mangrove areas. However, collector efficiency in the different areas was not studied. Flores et al. (2002) used nets under boulders for studying settlement rates of the rocky intertidal crabs Pachygrapsus marmoratus (Fabricius, 1787) and Xantho incisus (Leach, 1814) . In this case the natural boulder substrate was used as collecting surface and thus interference with collection method was considered minimal. The possibility of using a natural substrate for collection is however limited to particular environments. Also, the rates of settlement in natural substrates are often low, and less effort is made if suitable surfaces enhancing settlement are used. Settlement intensity in artificial surfaces will not necessarily reflect actual rates in the natural substrate, as its physical nature may in fact decrease or enhance preference by settling megalopae, and thus modulate their thigmotactic response. If megalopae are selective for types of structure or complexity of natural surfaces, then deployment of structured artificial collectors on unstructured bottoms should enhance settlement rates, as widely observed in artificial hard reefs deployed in soft bottoms. It is thus very likely that artificial surfaces hardly reflect natural absolute rates of settlement within an area, and its interference with varying background environment should make spatial comparisons very doubtful.
The main objective of this research was to assess spatial patterns of settlement of megalopae of the crab C. maenas in different estuarine habitats, both intertidal and subtidal, at the lower section of the Mira Estuary, south-western Portugal. It was further investigated whether settlement rates on artificial collectors are influenced by the interaction between artificial surfaces and the complexity of the surrounding substrate.
Carcinus maenas is the most common crab in European estuaries, widely distributed in intertidal and subtidal shallow environments. The life cycle of the species comprises an exported planktonic larval phase, which is rapidly flushed out to shelf waters by ebbing currents after release (Queiroga et al., 1994; Queiroga, 1996) . Megalopae migrate back to the estuary during spring tides, and transport is accomplished by selective tidal stream transport (Berrill, 1982; Queiroga, 1998; Hedvall et al., 1998; Moksnes et al., 1998) . According to Hedvall et al. (1998) and Moksnes et al. (1998) there are indications that opportunistic behaviour is expressed already at settlement, as several different habitats may provide appropriate settling grounds.
Materials and methods

Study area
The Mira Estuary is located in the south-western Portuguese mainland coast (approximately between 37°40¢ N and 8°45¢ W), extending for a length of around 40 km from the mouth to the limit of tidal influence (see Fig. 1 ). Tides are semi-diurnal, with an amplitude of around 1 m during neap tides and 3 m during spring tides. Tidal penetration varies between around 7.5 km and 2.5 km during respectively average spring and neap tides (Paula, 1998) . There is a relatively strong stratification of the water column during the neap tide period, and an almost complete vertical homogenisation during spring tides due to turbulence (Paula, 1998; Blanton & Andrade, 2001) .
The lower section of the estuary has a maximum of 400 m width and a maximum depth of between 5 and 10 m. Due to low riverine input, this part of the estuary has a dominant marine character. The intertidal zone is dominated by areas with varying density cover of the seagrass Zostera noltii Hornemann, 1832 and bare sandy muddy substrates. Near to Z. noltii habitats, the shallow subtidal zone is dominated by dense cover of the seagrass Zostera marina Linnaeus, 1752.
Field methods
Stratified spatial settlement
The experiment to study the rates of settlement on different estuarine habitats was designed with a nested approach, using as habitats (treatments) intertidal Z. noltii, intertidal bare substrate and subtidal Z. marina. For each habitat, three different random areas were selected, each with three randomly deployed replicates in each treatment. The experiment was repeated in two different random starting dates, both during neap-tide 5-d periods (as this was the observed period of maximum settlement, own unpublished data) within the breeding period of C. maenas. The measure of settlement was the daily number of settled megalopae in individual collectors. Twenty-seven collectors were deployed each day.
The collectors were made of 'hog's hair' filter, with a dimension of 50Â40 cm and 2.5 cm thick, attached to a metal frame and deployed flat on the substrate (see Fig. 2 ). Preliminary observations have shown that the weight of the metal frame was enough to prevent any movement of the collectors with the currents. Also the coverage of the collector surface by sand, seagrass, algae or debris was found neglectable, and initial intention of using wide mesh boxes to prevent this was abandoned. For the subtidal zone, an additional fine mesh was collocated underneath the 'hog's hair' surface, to avoid loss when lifting collectors for sampling; also, these three replicate collectors were attached to each other with a 2-m rope between collectors and a terminal buoy. The distance between collectors was set so that when lifting a collector the next one would remain undisturbed at the bottom.
Collectors were changed each day, during the diurnal low tide, thus remaining in the field during two complete tidal cycles. Collectors were collocated in plastic bags and transported rapidly to the laboratory for immediate processing.
Temporal comparison Previously referred intertidal habitats were then used for a longer temporal comparison, by randomly deploying four replicate collectors in Z. noltii meadows and unvegetated substrate. The experiment lasted for 2 months between 22 March and 22 May 2002. General field procedures were similar to those described in the previous experiment, and sampling was carried out on a daily basis at diurnal low tide.
Artificial collectors versus natural substrate
A specific experiment was performed in order to test whether collector efficiency is comparable to rates of settlement in the natural surrounding substrate. In this experiment, two different intertidal substrates were chosen: unvegetated sandy mud and seagrass Z. noltii meadow. In both substrates, four random replicate collectors were deployed. In addition, four sampling plots of equivalent size were delimited on natural substrate, not defaunated, in which megalopae were sorted out from the 2-cm upper layer. In this case, bare sand was sieved in the field with a 0.5 mm mesh sieve and seagrass cover was detached from within the plots. All this material was placed in labelled plastic bags and preserved in 4% neutralised formalin until sorting. The experiment was repeated during four dates, coinciding with peak settlement periods.
Laboratory procedure
Megalopae were removed from the collectors' surface by rinsing in abundant freshwater. Detached material, included all debris, were immediately screened under a binocular microscope. Megalopae of C. maenas from collectors and sediment samples were preserved in 4% neutralised formalin, and identified using the descriptions by Rice & Ingle (1975) and Ingle (1992) .
Data treatment
Balanced analyses could not be performed in all cases because collectors were eventually lost in the stratified experiment. Replicates from different sites were pooled for increased robustness of the analysis, but the spatial scales used (replication within and between sites) incorporated the possible variability at different spatial scales. In addition, Bartlett's, Shapiro-Wilk and Cochran tests (Zar, 1996) indicated heteroscedasticity of data in all analyses and thus non-parametric tests, either the Kruskal-Wallis or the Mann-Whitney procedure, were conducted (Sokal & Rohlf, 1995) . In case of significant differences between groups of data, the Dunn's test was used to identify between-group contrasts.
Results
Stratified spatial settlement
On average, 23 megalopae collector )1 day )1 settled during the first period, while during the second period the mean was 31 (Fig. 3) . This difference was found to be significant (H=10.985, p=0.0009), showing temporal instability of megalopal supply. The mean number of megalopae collected at the intertidal unvegetated habitat was higher than in the other vegetated substrates during both sampling periods, with settlement rates being estimated at 39 and 62 megalopae collector )1 day )1 , respectively. At the intertidal Zostera noltii meadow the means were 16 and 10 respectively, while at the subtidal Z. marina meadow the means were 8 and 22 respectively. Settlement on the unvegetated areas was significantly higher than on the other areas (H=58.6905, p<0.001), and no statistical differences were found between intertidal and subtidal seagrass meadows. The sampling design used three replicate zones within the lower Mira estuary (see Fig. 1 and Materials and methods section). Comparison of settlement between these areas has shown no statistical differences (H=0.4313, p=0.806).
Temporal comparison
As in the previous study, the collectors deployed on the unvegetated substrate presented higher settlement rates, although significant only during discrete semi-lunar peaks of settlement intensity during neap tides (Fig. 4) . Maximum mean daily values were around 126 megalopae collector )1 day )1 in unvegetated substrate and 25 within the Z. noltii meadow. A comparison of the means of both series has revealed a significant difference (Mann-Whitney U=1.340, p<0.05).
Artificial collectors versus natural substrate
Significant differences were found in the unvegetated substrate between artificial and natural substrates (H=26.5945, p<0.001, mean settlement values 36 and 4, respectively), and between artificial collectors at both habitats (Fig. 5) . Settlement contrasts between artificial and natural substrates within the Z. noltii were not significant (7 and 3 megalopae collector )1 day )1 , respectively).
Discussion
The present results suggest that C. maenas megalopae settle preferentially on collectors deployed in unvegetated (unstructured) substrates, when compared to those deployed in seagrass meadows. These results apparently contradict data on settlement of C. sapidus (Olmi et al., 1990) . Furthermore, Welch et al. (1997) found that megalopae are attracted by chemical cues of seagrasses, and Forward et al. (1997) have shown that such cues induce a reduction of the duration for moulting in megalopae of C. sapidus. Seagrass meadows provide structural and chemical cues which may enhance settlement, such as complexity, food, organic content, lower current speed, higher refuge and stability (Bostro¨m & Bonsdorff, 1997) . Hedvall et al. (1998) showed that megalopae of C. maenas avoid unstructured substrates such as sand. In these types of substrate the predation rates are very high, reaching, according to Moksnes et al. (1998) , more than 80% in 2 days. The synthetic fibbers of the collector surface provide shelter to prevent predation and trap organic matter that may further enhance settlement. On the other hand, the collectors also attract juveniles, which are otherwise dispersed over the unvegetated substrate of the tidal flat. Since megalopae may be attracted by conspecifics, the presence of juveniles in the collectors may further enhance settlement of megalopae (O'Connor, 1993) . Previous studies using 'hog's hair' coated collectors (e.g. Goodrich et al., 1989; van Montfrans et al., 1990; Boylan & Wenner, 1993; Wrona et al., 1995; Hasek & Rabalais, 2001) suggest that this type of sampling reflect natural settlement rates and respective temporal intensity patterns. Strictly on a temporal basis it may be true, but when spatial patterns are concerned, the present results make this statement very doubtful. These authors used floating collectors deployed in the water column and not in appropriate settling grounds; whether collected megalopae were competent to recognise appropriate natural settlement cues remains to be assessed.
The validity of the comparison between the rates of settlement obtained in natural and artificial substrates remains also to be clarified. A number of confounding effects may operate, which suggest lines for future investigation. The fact that the natural substrate was not defaunated prior to experiment could have biased the numbers obtained in the third experiment, namely involving post-settlement processes of longer period than the 24-h of artificial collector deployment. However, a few studies describe a rapid moult to first crab instar after settlement (e.g. Paula et al., 2003) , especially in the presence of adequate habitat or cues. It is thus most probable that megalopae collected in natural substrate are from settlement during the previous 24 h. Other studies demonstrate that megalopae of C. maenas may utilize the artificial substrates temporarily, and in fact that most will show a high rate of emigration even if close to moult (Moksnes & Wennhage, 2001) . However this last study used floating collectors, which more likely will collect non-competent megalopae that may exhibit thigmotactic behaviour in the water mass. Further studies are required to elucidate this issue.
In summary, the relative efficiency of artificial collectors clearly depends on the nature of the surrounding habitat. This study strongly suggests that artificial surfaces should be used with caution, at least when deployed in the benthos, and specially when any sort of spatial variability is expected to be studied. 
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